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Abstract The use of wind power has grown rapidly in
recent years. Wind power is a clean source of energy, but
can have negative impacts on the distribution grid. The
influence of large-scale wind power integration on the safe
and stable operation of a power system cannot be ignored.
It is necessary and urgent to achieve grid adaptability for
wind turbines in China. Using a 35 kV/6 MVA grid sim-
ulator, the performance of a grid is investigated by simu-
lation. Typical grid disturbances such as voltage deviation,
frequency fluctuation, voltage unbalance, and distortion
can be simulated. A grid adaptability testing methodology
was developed and applied to a doubly fed wind turbine
with a focus on analyzing real test data to ascertain its
three-phase voltage unbalance adaptability, which was
successfully demonstrated. The methodology can also be
used to guide other grid adaptability tests.
Keywords Wind turbines, Grid simulator, Grid
adaptability testing
1 Introduction
In recent years, wind power has undergone rapid
development in China. The installed capacity of wind
power reached 47 GW by the end of 2011 and is expected
to reach 150 GW in 2020. With the rapid development of
wind power, the penetration of its use is increasing [1].
While wind power provides clean energy, it also brings
negative impacts to its use on the grid. The influence of
large-scale wind power integration on the safe and stable
operation of a power system cannot be ignored.
The power quality problems of grid-connected wind
turbines are attracting much attention from experts and
researchers. In particular, testing theories and methodolo-
gies have been developing rapidly, and a large number
of papers have been published [2–10]. For example, [2]
analyzed the basic principles and influencing factors of
grid-connected wind turbine power quality problems, and
conclusions were validated by simulation. Reference [3]
carried out power quality testing for a wind farm and
undertook comparative studies on the characteristics of
power quality for different types of wind turbines installed
in wind farms. To improve the power quality of grid-con-
nected wind turbines, many different devices and control
algorithms have been studied elsewhere [4]. In addition,
IEC 61400-21: 2008 and GB/T 20320-2006 have stan-
dardized the power quality testing and evaluation methods.
At the same time, wind turbine manufacturers and testing
institutes have carried out many power quality tests on
wind turbines.
It is clear that some interactions exist between wind
turbines and a power system. As a part of the power sys-
tem, wind turbines are not only one of the causes of the
power quality problems but also they themselves suffer
from grid disturbances. Therefore, wind turbines need to be
able to adapt to grid disturbances.
There are clear requirements for grid adaptability of
wind farms in the associated National Standard of China
[11] which specifies the operating range of the voltage and
frequency of a wind farm, and specifies the tolerance levels
for voltage unbalance, flicker. and harmonics. However, in
China, there is a lack of research on the theory of grid
adaptability and the method and devices for testing it. The
progress on grid adaptability testing for wind turbines or
wind farms is very slow. At present, most wind turbines run
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in the power system without grid adaptability testing, and
so the safe and stable operation of the power system is
under threat. For example, at the beginning of 2011, a grid
fault occurred in the northwest of China. This accident
initially caused fluctuation of the grid voltage, dropping the
grid frequency, which led to numbers of wind turbines
disconnecting from the grid. The accident caused a serious
threat to the safe and stable operation of the power system.
Accident reporting and investigation showed that poor grid
adaptability of wind turbines was the main reason for this
accident, which emphasized the necessity and urgency for
grid adaptability testing of wind turbines.
In this study, a 35 kV/6 MVA grid simulator was first
introduced to enable grid adaptability testing of wind tur-
bines. A grid simulator can generate voltage deviations,
frequency fluctuations, three-phase voltage unbalance,
flicker, voltage distortions, and other common grid distur-
bances. The output characteristics of the grid simulator were
then analyzed by simulation, which could confirm whether
the turbine met the grid adaptability testing requirements.
Finally, the principles and methodology of wind turbine grid
adaptability testing were discussed. A case study of a grid
adaptability test for a doubly fed wind turbine is described
with a focus on analyzing the real test data of three-phase
voltage unbalance adaptability. The methodology can also
be used to guide other grid adaptability tests.
2 Grid simulator
2.1 Design of grid simulator system
The grid simulator that is used to test the grid adapt-
ability of a wind turbine needs to include the following
basic functions:
(1) It must simulate and generate the basic grid distur-
bances, such as voltage deviation, frequency fluctua-
tion, voltage unbalance, flicker, voltage distortion, and
other common grid disturbances. Furthermore, the
disturbances must meet typical testing requirements.
(2) It must have the ability to operate in four-quadrants,
and the power must be able to flow in both directions,
so that the tested wind turbine can freely transfer from
a power-consumption state to a power-generation
state.
(3) The grid simulator should not affect the access point on
the grid in either power-consuming or -generating states.
Based on these requirements, we developed a set of high-
voltage and large-capacity devices to test the grid adapt-
ability of a wind turbine, i.e., 35 kV/6 MVA grid simulator.
The schematic diagram of the grid simulator is shown in
Fig. 1. The device is mainly composed of two parts: con-
sisting of low- and high-frequency disturbance-generating
devices. The low-frequency disturbance-generating device
can generate the voltage deviation, frequency fluctuation,
voltage unbalance, flicker and other common low-frequency
disturbance states. The high-frequency disturbance-gener-
ating device can generate the high-order harmonics and
voltage distortions.
The low-frequency disturbance-generating device is
based on back-to-back converter technology [12]. It
includes a step-down transformer, back-to-back converter,
and step-up transformer. The schematic diagram of this
device is shown in Fig. 2.
The working principles for the low-frequency disturbance-
generating device are summarized as follows. The step-down
transformer transfers the medium-voltage to U1, which is the
working voltage of the back-to-back converter, and the con-
verter outputs the desired disturbance voltage waveform
according to the modulation wave signal. The step-up trans-
former then transfers the low voltage level disturbance voltage
to the medium-voltage level. Finally, the disturbance voltage
is realized at the high side of the wind turbine transformer. The
grid adaptability test can then be performed. Because of the
back-to-back converter, the wind turbine is completely iso-
lated from network, and so the disturbances cannot affect the
voltage at the grid access point. At the same time, the output of
disturbance voltage can be changed freely by modifying the
modulation wave signal.
Because of the restriction of the converter interfacing
filter, the low-frequency disturbance-generating device is
not suitable for simulating voltage harmonics and distor-
tions. However, according to the grid code requirements,
the wind turbine should be able to tolerate voltage
harmonic disturbances. Therefore, according to the prin-
ciple of serial voltage sources, a high-order harmonic
Fig. 1 Schematic diagram of grid simulator
Fig. 2 Schematic diagram of the low-frequency disturbance-gener-
ating device
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disturbance was superimposed on the output of the low-
frequency disturbance-generating device, and the harmon-
ics were realized. The high-frequency disturbance-gener-
ating device was also based on single-phase back-to-back
converter technology, and the inverter side of the H bridge
could be used in a cascade mode [13] to enhance the
voltage levels. As mentioned earlier, by modifying the
modulation wave signal of the inverter, the corresponding
high-voltage harmonics can be generated on the 35 kV bus.
2.2 Simulation study of grid simulator
To study and verify the output characteristics of the grid
simulator, a grid simulation model based on Fig. 1 was
built. The output characteristics of the grid simulator were
researched by simulation.
Figure 3 shows the simulation voltage wave when the
grid simulator generated a voltage deviation of -15 %,
where the dotted line is the output voltage of the grid
simulator and the solid line is the voltage at the grid access
point. We see that the grid simulator can output the devi-
ation of the voltage in accordance with the set value.
Furthermore, it does not affect the voltage at the grid
access point. The grid simulator has a voltage adjustment
range from 20 %Un to 130 %Un with a resolution of
0.5 %Un and the rate of voltage regulation can be set
freely. It can generate the voltage operating range of the
wind farm stated by the grid code. Therefore, it can be used
for voltage adaptability testing of a wind turbine.
Figure 4 shows the simulation voltage wave when the
grid simulator outputs a voltage frequency of which is
62 Hz; the dotted line is the output voltage of the grid
simulator, and the solid line is the voltage wave at the grid
access point. The grid simulator has a frequency adjust-
ment range from 45 to 66 Hz with a resolution of 0.01 Hz,
and the rate of frequency regulation can be set freely.
Figure 5 shows the simulation voltage wave when the
grid simulator outputs a voltage fluctuation amplitude of
which is ±10 % and fluctuation frequency is 10 Hz. The
dotted line is the output voltage of the grid simulator, and
the solid line is the voltage at the grid access point. The
fluctuation amplitude was within ±10 %Un, and frequency
fluctuation was from 0 to 25 Hz. Different voltage flicker
disturbances can be generated through different combina-
tions of voltage and frequency fluctuations.
Figure 6 shows the simulation wave when the grid
simulator outputs a three-phase unbalanced voltage. Fig-
ure 6a shows the voltage at the grid access point when the
voltage unbalance factor of the grid simulator was set to
7.5 %. Figure 6b shows the grid simulator output voltage.
Figure 6c shows the output voltage unbalance factor cor-
responding to Fig. 6a. The grid simulator has a voltage
unbalance factor adjustment ranging from 0.5 % to 10 %
with a resolution of 0.1 %. It can be used to test the voltage
unbalance-tolerance ability of a wind turbine.
Figure 7 shows the simulations of voltage wave and
harmonic content of the voltage when the grid simulator
output the 16th harmonic voltage, and the harmonic ratio
Fig. 3 Simulation wave of voltage deviation
Fig. 4 Simulation wave of frequency deviation
Fig. 5 Simulation wave of voltage fluctuation and flicker
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for the voltage was set to 2.5 %. The grid simulator can
generate from 2nd to 25th voltage harmonics. A variety of
voltage distortions can be imitated through the combina-
tions of the various voltage harmonics. Therefore, it can be
used to test the harmonic-tolerance ability and anti-jam-
ming capability of a wind turbine.
3 Grid adaptability test for a wind turbine
3.1 The principle of grid adaptability test for a wind
turbine
The schematic diagram for a wind turbine grid adapt-
ability test is shown in Fig. 8.
The grid simulator was connected in series between the
high-voltage side of the wind turbine transformer and
medium-voltage bus. The tested wind turbine should be in
normal operation during the grid adaptability test. We can
then impose various grid disturbances on the high-voltage
side of the wind turbine transformer using the grid
simulator.
During the process of wind turbine grid adaptability
testing, the voltage and current signals at both the high-
voltage side of the wind turbine transformer and terminal
should be measured. Furthermore, the real-time wind speed
signal is very important for verifying the operating status of
the tested wind turbine, by analyzing the test data to judge
its operating range and protection configuration. The grid
adaptability of the tested wind turbine can then be
understood.
3.2 Test of voltage unbalance adaptability for wind
turbine
Wind turbine grid adaptability testing includes the tests
for adaptability to voltage deviation, frequency deviation,
three-phase voltage unbalance, voltage fluctuation, and
flicker and harmonics.
An example of a voltage unbalance adaptability test for
a 1.5-MW doubly fed wind turbine is presented to illustrate
the test procedure for a grid adaptability test. In addition, it
includes the testing contents and testing methods. This will
be useful for reference and guidance on the other grid
adaptability tests.
We formulate the test procedure according to relevant
standards. For voltage unbalance, the National Standard of
China ‘‘Technical rule for connecting a wind farm to a
power system’’ requires that the voltage unbalance-toler-
ance ability of a wind farm should meet the National
Fig. 6 Simulation wave of three-phase voltage unbalance
Fig. 7 Simulation wave of voltage harmonics and distortion
Fig. 8 Test schematic diagram for grid adaptability testing
Table 1 Testing points for the voltage unbalance adaptability test
Three-phase voltage unbalance factor (%) Lasting time (min)
2.0 C10
4.0 C1
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Standard of China ‘‘GB/T 15543’’, It prescribes that the
electrical and power generation equipment (including the
wind turbine) should be in normal operational status when
the voltage unbalance factor reaches 2 % and can be run
for a short term when the voltage unbalance factor reaches
4 %. The testing content and procedure of the voltage
unbalance adaptability are clear, and the test points are
shown in Table 1.
The voltage unbalance adaptability testing of a wind
turbine can be divided into three steps. The first is the no-
load test, in which it is necessary to confirm that the grid
simulator can generate the required voltage disturbance
waveforms, because the operation of the wind turbine may
cause voltage changes at the grid access point.
The second is the load test without disturbances. The
operating characteristics of the wind turbine should be
studied when the grid simulator generates the normal grid
voltage, so that we can analyze how the asymmetries of
transmission line, transformer, and generator parameters
affect the operating characteristics of the tested wind tur-
bine, and especially its influence on the three-phase cur-
rent. Figure 9 shows the experimental curves in this
condition. Figure 9a shows the real-time waveform of the
fundamental voltage generated by the grid simulator, and
Fig. 9b shows the corresponding three-phase voltage
unbalance factor. The grid simulator has a good balanced
voltage output capability, and the voltage unbalance factor
is only 0.2 %.
It can be seen in Fig. 9c that the wind turbine was
running in good condition and the active power was
fluctuating according to the wind speed. In Fig. 9d, we
can see that the corresponding three-phase current
unbalance factor was about 1.0 %, and the current
unbalance factor was approximately in inverse proportion
to the wind speed.
The third step was a load test when the grid simulator
produced a three-phase unbalanced voltage. Figure 10
shows the experimental curves of the tested wind turbine
Fig. 9 Operating characteristics of the wind turbine without disturbance. a Voltage wave on the high-voltage side of the wind turbine
transformer. b Voltage unbalance factor on the high-voltage side of the wind turbine transformer. c Relationship between the output active power
and wind speed. d Relationship between the current unbalance factor and wind speed
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when the voltage unbalance adaptability testing was carried
out.
The three-phase voltage unbalance factor of the grid
simulator was 2.0 % at the beginning, and 15 min later, it
changed to 4.0 %. Figure 10a shows the real-time voltage
waveform of the grid simulator output parameter of which
for the three-phase voltage unbalance factor was set to
4.0 %. The online calculated three-phase voltage unbal-
ance factor is shown in Fig. 10b. It can be seen in Fig. 10c
that the wind turbine was in good running condition and the
active power fluctuated according to the wind speed in the
whole process of changing the voltage unbalance condi-
tion. In addition, in Fig. 10d we can see that the three-
phase current unbalance factor in this process was about
1.3 % which changed little compared with Fig. 9d.
The test results show that the tested doubly fed wind
turbine had an excellent ability to control the voltage
unbalance, and avoided the negative impact of the
unbalance voltage on the induction generator and the rotor
converter such as high levels of unbalanced currents, pul-
sating torques, overheated windings, and so on. Therefore,
we concluded that the tested wind turbine had a good tol-
erance to three-phase voltage unbalance.
In summary, the voltage unbalance adaptability of the
tested wind turbine was in good order, and it could with-
stand a three-phase voltage unbalance factor up to 4.0 %,
thus meeting the China grid code. This indicates that the
methodology could also be used as guidance for other grid
adaptability tests.
4 Conclusions
The necessity and the urgency for grid adaptability test-
ing of wind turbines in China are first discussed. A 35 kV/
6 MVA grid simulator was then introduced, and the
Fig. 10 Operating characteristics of the wind turbine under three-phase voltage unbalance disturbance imposed. a Voltage wave on the high-voltage
side of the wind turbine transformer. b Voltage unbalance factor on the high-voltage side of the wind turbine transformer. c Relationship between the
output active power and wind speed. d Relationship between the current unbalance factor and wind speed
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performance of grid simulator was studied by simulation.
Finally, the principles and methodology for grid adaptability
testing were discussed. A case study of a grid adaptability
test for a doubly fed wind turbine was carried out. The
methodology could also be used to guide other grid adapt-
ability tests. Further study involves developing a mobile
35 kV/6 MVA grid simulator to facilitate grid adaptability
testing of wind turbines which are situated in different wind
farms and thoroughly studying the principles and method-
ology of grid adaptability testing of wind turbines.
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